Large culture tanks of several hundred or thousand m 3 size are generally encouraged for economic advantages in
Introduction
In the seeking of disease prevention, increased production rates and environment preservation, Recirculating Aquaculture Systems (RAS) have been in limelight to exercise a controlled rearing system (Dalsgaard et al., 2013; Summerfelt et al., 2016) . In addition to creating a healthy environment, it is possible to exert some control over the flow domain in circular-type tanks used RAS facility, which plays a critical role in fish growth and hence the production and financial benefits. Previous studies have determined that the rotational velocity about the perimeter of circular tanks is strongly dependent upon the impulse force of water flow injected tangentially into the circular-type tank (Tvinnereim and Skybakmoen, 1989; Paul et al., 1991; Davidson and Summerfelt, 2004; Oca and Masalo, 2013; Venegas et al., 2014; Plew et al., 2015; Prabhu et al., 2017; Gorle et al., 2018) . Thus, rotational velocity depends upon the hydraulic exchange rate and inlet orifice velocity (dependent on orifice number, open area, and flow rate) and direction produced at the flow inlet structure(s). In contrast, rotational velocities close to the center of circular-type tanks are associated with the impulse force exiting the center of the tank, i.e., dependent upon the surface loading rate at the center drain . The inlet and outlet impulse forces are balanced by the forces created by drag on the fish and tank walls and floors (Plew et al., 2015) .
The recommended hydrodynamic state of a culture tank comprises not only the sufficient rotational velocity, but also proper mixing through the occurrence of primary and secondary vortices that ensure the desired water quality. Non-uniform distribution of rotational velocity (Oca and Masalo, 2007) , non-homogeneous water quality (Saba and Steinberg, 2012) , and unsteady distribution of biosolids are some of the natural and undesirable phenomena occurring in culture tanks. Although there is an influence of tank geometry on the overall flow pattern (Duarte et al., 2011) , the flow boundary conditions have a phenomenal impact on the hydrodynamics in the bounded space of the culture tank. Several practical methods have been tried to control the flow in the culture tank. A simple and widely adopted practice in creating a uniform inflow is to use a multiple nozzle configuration on the inlet pipe. Oca et al. (2004) made improvements in the inlet and outlet designs to achieve the desired flow pattern in the rectangular culture tanks. The standard practice of single inlet-outlet combination, however, cannot offer a controlled flow solution that meets the flow rotationality and uniformity requirements. Instead, researchers have attempted to create adaptable boundary conditions for improved hydrodynamics (Venegas et al., 2014) . Several passive flow control methods have been tested and used in the past research, which included adjustable orientation of inlet structures and Summerfelt et al., , 2006 and Summerfelt et al., , 2009a , and baffles for better mixing of the flow (Masalo and Oca, 2014) . A celebrated method is to use a multiple drain system, where more than one outlet are used at appropriate locations, to achieve desired flow conditions in the tank. In a dual-drain system with an elevated wall-drain, the solids can quickly be discharged out of the tank and improve the water quality. Also, such wall drain can reduce the flow velocity downstream and hence control the flow pattern as desired.
Although octagonal tanks are the best alternative for circular tanks with an advantage of better space management and shared sidewalls, it is important to note that there is a considerable difference between the two tank shapes as the flow velocity and water quality is concerned . For instance, dead zones can be created in the nearcorner wall region in the octagonal tanks, which does not happen in case of circular tanks. Circular-type culture tanks sometimes use dualdrain to create two advantages over a single drain tank, i.e., to concentrate a majority of settleable solids into a relatively small tank underflow (as in a swirl separator) and/or to shift the impulse force associated with outlet flows in a manner that can be used to help optimize water rotational velocities located in the annular region about the center of the tank Gorle et al., 2018) . Water rotational velocities, particularly within the annular region about the tank center, are critically important to create a self-cleaning tank and when trying to maintain more optimum swimming speeds for the fish. At least one drain is always located to draw flow off the bottom center of the tank. However, the second drain is typically located above the bottom-drawing drain at the tank's center (Terjesen et al., 2013) or part-way up the tank's side wall Summerfelt et al., 2004; Despres and Couturier, 2006; Summerfelt et al., 2006; Summerfelt et al., 2009a Summerfelt et al., , 2009b Wolters et al., 2009; Pfeiffer and Riche, 2011; Carvalhoa et al., 2013; Terjesen et al., 2013; Summerfelt et al., 2016) . The second drain is elevated in order to withdraw flow out of the tank in a location where it should contain minimal settleable solids, because the settleable solids tend to concentrate on the tank floor as they are moved by the tank's primary rotating and radial flows to the bottom-center drain. However, the lack of knowledge on the effect of elevated wall drain on the overall flow behavior leads to uncertain flow split ratio in the commercial as well as research facilities, which describes the paucity of research on culture tanks with dual-drain systems. Only three studies have described empirical water velocity data collected in sidewall-type dual-drain circular tanks Summerfelt et al., 2006; Summerfelt et al., 2009a) . This results in a trial-error flow-split between multiple outlets, or sometimes uncertain operating conditions in the commercial farms.
The problem of hydrodynamics in a culture tank with a single outlet at the central bottom location and tangential inflow can be viewed as the combination of rotating flow in a container that creates circular flow and vertical motion of the flow towards the outlet. Numerous theoretical and computational studies were conducted on these two cases separately in different applications, which are useful in understanding the basics of flow behavior. The case of bathtub vortex is analogous to the vertical motion of the flow in the culture tank, with throttle opened central bottom drain. The twisting air bubble swiftly penetrates into the deformed free-surface and attempts to reach the outlet at higher rotational speeds (Klimenko, 2001; Andersen et al., 2003; Mizushima et al., 2014) . However, the continuous replenishment of water into the tank controls the deformation of water surface (Meshkov and Sirotkin, 2013) . A relatively stable water surface can be maintained with a steady inflow rate so that the water level remains flat as well as constant. This practice simplifies the computational modelling by assuming the water surface as a stress-free boundary. Nonetheless, the additional outflow through elevated wall drain wall drain considerably influences the flowfield. Kawahara et al. (1997) observed the multiscale interactions between small-scale vortical structures that tend to wrap around the large-scale vortex column due to the local strain field. However, no research in this direction has been done on culture tank hydrodynamics.
Axisymmetric draining flow with an ideal setting of tangential inflow and central bottom outlet is apparently similar to that in a rotating tank. Flow in a stirred tank, which is predominantly tangential, was recently studied by Lane (2017) using CFD, while the particle motion in the similar systems were investigated by Bashiri et al. (2016) . Particles of a wide range of size critically determine their distribution in the flowfield due to the differences in their angular velocity although the mean rotation of the flow is constant. This holds true in the case of culture tanks as well. Particles' morphology is supposed to be affected due to the shear force. When applied to fish tanks, this phenomenon is detrimental as breakup of biosolids deteriorates the water quality (Couturier et al., 2009) . Improving the flow uniformity is one of the ways to reduce the extra shear on the particles in a culture tank. But, the effect of splitting flow through a center and sidewall dual-drain outlets on the flow uniformity as well as turbulence is an unexplored topic.
High-fidelity modelling, whereby the turbulent motion is resolved at high resolution using computational tools, has been a promising approach to obtain a better insight into the hydrodynamics, and thus make decisions on design improvement and optimization. Recent studies on computational modelling of hydrodynamics in a closed sea cage (Klebert et al., 2018) used unsteady Reynolds Averaged Navier-Stokes modelling to analyze the flowfield, and particle dispersion and flushing. Kim et al. (2015) performed the CFD analysis of cage systems to evaluate the flow pattern and dissolved oxygen distribution. The large eddy simulations of Salmon net cage was performed by Cornejo et al. (2014) to assess the wake dynamics and passive tracer advection in the domain. Veerapen et al. (2005) employed CFD to analyze the removal of waste solids using swirl separators.
In this study, the hydrodynamic response of a commercial culture tank as a function of flow-split between central bottom outlet and elevated wall drain was investigated using 3D CFD modelling at fullscale. Velocity measurements at discrete locations in the tank using Acoustic Doppler Velocimetry (ADV) were used to validate the computational model. Unlike the aforementioned studies, which were largely limited to the examination of global flowfield, the present study focused on the evolution of large-scale and small-scale turbulent flow structures and the effect of dual-drain system on them. Vortical field of the tank was computed using Q-criterion. Furthermore, non-dimensional flowfield indices were formulated using surface integrals to quantify the effect of dual-drain operation on the characteristics of velocity, uniformity, vortex strength, maximum circulation and swirling in the tank.
Recirculating Aquaculture System (RAS) tank under study
This study considered one of the nine octagonal RAS tanks at Nofima Centre for Recirculation in Aquaculture (NCRA) in Norway. The research facility was constructed to address a number of issues related to water quality, fish growth, hydrodynamics, etc., and produce an expected 480,000 smolts annually. All RAS tanks are identical in design, dimensions and equipment. To study the effect of dual-drain on the tank hydrodynamics, one of the octagonal tanks at regular operating conditions was considered in the present research. The basic dimensions of the tank are described in Fig. 1 . The 100 m 3 sized tank has the side wall of 4 m length and corner wall of 1.95 m. Slanting floor causes the tank height increasing from 2.6 m at wall to 2.76 m at the center. The tank has an inlet pipe near the corner wall (Fig. 1a) , which delivers the water into the tank through 30 nozzles, each of 31 mm in size. Flow jets, emanating from discrete inlet surfaces, quickly expand and interact with neighboring jets and thus appear to form a continuous inflow along the inlet pipe. However, the outlets are confined to specific locations, i.e. central-bottom drain (Fig. 1b) , and side wall drain (Fig. 1c) . The flow exiting each drain is controlled by adjusting a valve or elevation of a stand-pipe located on the piping that exited each drain. Dominant circular flow in the tank thus has to negotiate its path to exit the tank through both outlets. The rotational flow undergoes an axial motion, i.e., along the tank's height to move to the elevated outlet, which eventually creates a swirling action. Near the top of the pipe in the center of the tank, two square-shaped plates are fixed on either side of the central pipe to help reduce a local vortex (Fig. 1d) . Height of the water column is 2.36 m at the wall. More details on the RAS facility design and operation can be found in Terjesen et al. (2013) .
Methodology

Experimental measurements
One of the challenges in developing the computational models of a full-scale industrial flow system is concerned about the model accuracy due to a number of simplifications made in the definition of geometry and boundary conditions. Experimental validation is therefore pivotal to obtain a reliable CFD solution, which was done in the present study using Acoustic Doppler Velocimetry (ADV). The test rig contained a Nortek three-dimensional ADV vector, which works on the principle of Doppler shift. The acoustic transmitter at the center of probe's head sends a pulse, which gets reflected by air bubbles and suspended solid particles in the water. The three receivers around the transmitter, placed at an azimuthal distance of 120°from each other, receive the reflect the acoustic signals from the sample volume, 10 cm below the transmitter. The reflections experience a Doppler shift due to the velocity difference between the scattered particles and the probe. The radial velocities are monitored by the processing module of the instrument, which are then converted into Cartesian coordinates. An analogue electronic system on a portable computer performs signal processing computations to deliver the 3D velocity components and the signal properties at a maximum frequency of 64 Hz. The ADV instrument was mounted vertically downwards into the tank at each of predefined locations, which are shown in Fig. 2 . A total of 36 measurements was performed at three depths i.e., 15%, 36% and 58% of water column height. Each pair of points was half a meter apart horizontally. The walkway at the top of the tank along the center enabled to measure the velocity across the plane, y = −0.1 m. The data quality was assessed using the correlation between the radial velocity components, which was above 80% in all measurements. The data was collected at base case operating conditions, which corresponded to the inlet flow rate of 2500 L/min, and mean hydraulic retention time of 40 min. The objective of this study was to develop the computational model to anchor the experimental data of this operating point with specific boundary conditions, and continue the predictions of flowfield with other boundary conditions.
Computational framework
The computational modelling of culture tank hydrodynamics requires the extraction of a fluid body from the tank's geometry, finite volume discretization, solution process for turbulence modelling and visualization and analysis of numerical results. A consistent and costeffective computational framework was used in the present study.
Pre-processing
The CAD software, CATIA V5 (Dassault Systems, France), which was used to generate the assembly model of the tank, is capable of creating an efficient and error-free formats of a solid model, compatible for different computational platforms. In addition to the basic CAD features such as solid-based, surface-based, boolean and assembly operations, CATIA enables to merge and smoothen the surfaces as required so that a reliable cohesive input CAD data can be exported to a simulation platform. One of the limitations of CATIA V5 is that its export options doesn't include the Parasolid, which was required for the simulations in the present study. An external CAD translator, 3D-tool was therefore employed for CAD format conversion. Considering the geometrical complexity, an unstructured mesh was generated using the automatic mesh generator, Castnet (DHCAE Tools GmbH, Germany). The combined hexa-prism grid topology was maintained to negotiate the structural continuity for high quality distribution of cells. Fig. 3 shows the surface and semi-volume mesh visuals. The in-built utilities to identify and treat the undesired geometrical entities, such as slivers, open edges and small features, enabled smoother meshing process and better distribution of cells. The quality of the mesh was thoroughly checked for element aspect ratio, orthogonality and dihedral angle of the cells. The maximum aspect ratio was 68 with over 95% of cells having less than 30. 93% of the cells have the dihedral angle between 70°and 120°. 9% of the domain has cells with the skewness greater than 0.85. Although the meshing of larger volumes with a wide range of geometrical scales as in the present case cannot generate a perfectly discretized flow domain, persistent testing against mesh resolution and quality metrics should produce identical results. A number of grids were tested to ensure the mesh independency, and the validated results are presented in Section 4.1.
Turbulence modelling
The instantaneous flow variables in a turbulent flow are decomposed using the Reynolds averaging
, where Φ i and ′ Φ i are the mean and fluctuating components of i th flow variable. The governing equations to solve the time-averaged incompressible flowfield are
Here, the Reynolds stress tensor = ′ ⊗ ′ τ Φ Φ appears due to the averaging of non-linear convective fields. The solution for this closure problem is to eliminate the fluctuating component ′ Φ in the expression for Reynolds stress tensor. The closure approximation according to Boussinesq and gradient-diffusion hypotheses (Boussinesq, 1897; Schmitt, 2007) can be written as
2 is the turbulent kinetic energy, I is the identity tensor, ν t is the turbulent viscosity and
S is the mean stretching tensor. Thus, the flow conservation equations read
A wide range of solutions methods, from very simple to highly exotic, are available to model the turbulent viscosity. Although Large Eddy and Direct Numerical Simulations are known for their better performance (Baerenzung et al., 2010 , Dai et al., 2015 than universal two-equation turbulence models, the industrial applications cannot afford the CPU effort involved in such computations. In this study, Realizable − k ε turbulence model (Shih et al., 1995) was used to solve the following transport equations for turbulent kinetic energy k and its dissipation rate = ε ν ( 2 ': ') S S .
Here,
Thus, the realizability in this two-equation model is enforced by the formulation of μ t , which confers that C μ is not a constant but related to the strain tensor. Realizable k-ε model is also considered superior to the standard k-ε model, developed by Jones and Launder (1972) Launder and Spalding (1974) , as the former accounts for strong streamline characteristics associated with the flow rotations and vortices, which are natural phenomena in the large flow domains like culture tanks. J.M.R. Gorle et al. Computers and Electronics in Agriculture 151 (2018) 354-364 3.2.3. Numerical approach Water was the working fluid. The nozzle surfaces on the inlet pipe were assigned with mass flow inlet condition. In the base case, the mean hydraulic time (HRT) of the tank was 40 min, which corresponded to the inlet mass flow rate of 42 kg/s. Wall drain was applied the mass flow outlet with 55% of the total flow through it, while the holes on the bottom of central pipe were applied pressure outlet. Water surface was treated as a flat stress-free wall. The solid boundaries of the tank were given no-slip wall condition.
The unsteady incompressible 3D solver was used in the computations. Gaussian linear scheme was used to discretize the convective and diffusive terms to second order accuracy in space and time. Enhanced wall treatment was applied to model the viscous layers in the near wall region. Therefore, the non-dimensional wall distance y+ was maintained in the range of 0.8-1.7. Geometric Agglomerated Algebraic Multigrid (GAMG) method was defined to solve the pressure equation, and Semi-Implicit Method for Pressure Linked Equations (SIMPLE) algorithm was used to couple the pressure and velocity equations. GaussSeidel smoother with smoothSolver scheme was used to solve the other flow equations. The convergence criteria were defined to have 1E-5 as minimum per iteration, while 1E-3 was the maximum observed residual value. As noted by Aubin et al. (2004) , anisotropic turbulence definition for high Reynolds number flows with higher order discretization is likely to diverge the solution. The under-relaxation factors were lowered during initial time steps, which were subsequently raised after a stable solution was achieved. A fixed time step of 0.01 s was used with 25 inner iterations. Intel Xeon E5-2683 v3 2.00 GHz workstation with 28 cores was used to run the simulations in parallel mode.
Results
Verification and validation
Although the ADV based velocity measurements could offer an empirical base to validate the computational findings, the experimental setup itself contributes to measurement errors and uncertainties, which is usual in most industrial systems with complex flow patterns. The uncertainty in the velocity measurements was therefore analyzed by taking the standard deviation, σ, of output signal. Higher uncertainty was found in the measurements near the walls, where the flow had relatively higher velocity. The highest deviation in the measurements was 4.8 for the mean velocity of 39 cm/s and the lowest deviation was 1.9 where the mean was 34.5 cm/s magnitude. This admits a sufficient accuracy of the ADV measurements in culture tank experiments (Masalo et al., 2008; Gorle et al., 2018) . The major non-linearity in the flow domain in the form of vortex column was not only reported in the measurement deviation within half of the tank's radial distance, but also reflected in the discrepancy between the experimental and corresponding computational results. More information on vorticity field in the tank is presented in Section 4.3.
The resolution of the computational grid should be sufficiently fine to ensure the solution accuracy. However, large 3D meshes require more CPU time for the solution to converge. A trade-off between the computational effort and result accuracy is therefore necessary. Since the main focus of the study was on the hydrodynamic analysis at fullscale of a large water body, the impact of mesh size on velocity magnitude was assessed to investigate the mesh independency. A number of grids with same topology and near-wall treatment, but with successive refinement using base cell size, were tested by comparing the normalized velocity (V/V 0 ) along the each of the measurement depths across y = −0.1 m. Here, V 0 is the inlet nozzle flow velocity. This was calculated from the volume flow rate through the inlet pipe, which was measured by means Portaflow 300 Ultrasonic Flowmeter. Fig. 4 compares the performance of three selected meshes -1, 2 and 3, which produced less than 1% variation in the normalized velocity profile. The mesh with at least 752,848 cells was able to produce reliable flow predictions, and further increase in the mesh size was no longer considerably altering the field variables. The flow from inlet reaches the negative-X side and undergoes a gradual momentum diffusion before reaching the positive-X side. The resulting velocity difference between x/X = −0.8 and +0.8 of approximately 11% indicates an asymmetry in the flow pattern. Although the CFD findings were nearest to the experimental measurements, and both approaches produced identical velocity trends across the tank, the maximum discrepancy was still approximately 12% near the walls and mid-radius location at z = 0.58 h, and the computational predictions did not lie within measurement deviations. Near the periphery i.e. 0.6 < |x/X| < 1, the difference between ADV and CFD was fairly constant at the selected heights of water column, this discrepancy near the tank's center likely increased with the height. Within the half-radius reach from the center, the deviations of computational predictions from experimental results were approximately 35% and 65% more at z = 0.36 h and 0.58 h compared to that at z = 0.15 h. Otherwise, the computational predictions either fell within the error bars or deviated by less than 10% from the mean values of the measurements.
Effect of wall-drain
In addition to the inlet near the corner wall that discharges the flow in a diagonal direction, the elevated wall drain also creates nonlinear flow conditions in the tank. This concern is more crucial when the flow split between the central outlet and wall drain is uncertain, and the flow pattern is not completely predictable. Therefore, a comparison was made between the extreme tank-draining cases i.e. 100% flow exiting through bottom-central drain, and 100% flow exiting through wall drain. The flow-split ratio, s, is defined as the ratio of the flow rate of central drain to that of wall drain. Therefore, the cases of pure central drain and pure wall drain correspond to s equal to 1 and 0, respectively. In addition, an intermediate draining case for s = 0.45 was considered, which constituted the base case. The distribution of large-scale turbulent structures in a fully-developed turbulent state of the three cases is presented in Fig. 5 . The visualization of turbulence clutter was minimized to turbulent kinetic energy, k ∊ [0.003, 0.3], which enabled the analysis of a continuous structure of turbulence happening in the flow domain. Higher intensity of Reynolds shear stresses creates larger turbulent structures, which contributes to increased production of turbulent kinetic energy. The iso-surfaces represent significant portion occupied by k in the total kinetic energy. The non-uniform distribution of k indicates an intensive flow mixing near the inlet nozzles and neardownstream, and a lesser mixing action in the core of the tank. However, the accelerated flow near the central drain in operation produced k around the outlet (Fig. 5b) , which steadily reduced with the outflow through wall drain (Fig. 5a) , and became negligible with pure wall drain configuration (Fig. 5c ). In addition, the wall drain flow impedes the convective transport mechanism of strain energy in the rotational flow of the tank, which results in a locally reduced k (Fig. 5a and c) . Looking at the streamline pattern on the central vertical plane, the pure central drain case has the vortices attached to the central pipe, which explains the existence of vortex column in this location. In case of wall drain, particularly pure wall drain, these central vortices appear to get detached from the central pipe, which means that the characteristics of vortex column change. More details on this are available in Section 4.3.
For further evaluation of flowfield along the tank's height, three horizontal planes are considered; one is close to the tank's floor (z = 0) that covers the flow through the central outlet, second is at z = 0.5 h, which is at mid-height of the tank, and the third is at z = 0.7 h, which passes through the wall drain of the tank. Fig. 6 compares the three draining configurations for the distribution of tangential and radial velocity components, V θ and V r respectively, plotted along three radial lines L 1 , L 2 and L 3 on the selected planes. The velocity components are normalized by the nozzle inlet velocity V 0 . The negative portion of horizontal axes represents half of respective line where the line numbers are mentioned in the reference plan view. It is noticed that, irrespective of the outflow design, the average distribution of V θ is approximately ten times higher than that of V r . The variation in the distribution of V r along the height of water column is more significant than that of V θ . Fig. 6 highlights how the strong primary rotating flow, V θ , creates more substantial radial flows, V r , on the planes closer to the top elevation and bottom elevation, while the plane at mid-tank elevation had somewhat weaker V r . In addition, the pure wall drain configuration produces generally stronger V r than in the pure center drain configuration. The immediate downstream location of L 1 from the inlet apparently makes it to have higher V θ than the lines L 2 and L 3 , which are located further downstream. The shortest line L 3 appears to have a relatively more uniform distribution of V θ near the walls, which is due to the momentum conservation. The profiles of V θ along the positive portions of L 2 and L 3 is likely identical in all cases, with a little difference between them on Plane 3, where there is a flow through wall drain.
Parametric study on outlet flow split
The rotational motion of the fluid at high Reynolds number in a circular or octagonal culture tank is dominated by axisymmetrical vortices of different structures and length scales, which can influence the mean flow. Fig. 7(a-k) describes the effect of flow-split ratio, s, on the vorticity distribution across the tank through a parametric study on the central drain flow ranging from 100% to 0 with 10% decrement. Coherent vortices were identified using Q-criterion, which is defined by the positive second invariant of velocity curl (Gorle et al., 2016) . Before exploring the effect of wall drain on the vortex dynamics, it is important to understand the two modes of interaction between the prevailing vortical structures; stretching and stripping (Marshall and Beninati, 2005; Candon and Marshall, 2012) . In the vortex-dominating base case, as depicted in Fig. 7(a) , the major vortical features are broadly classified as vortex column (C), vortex ring (R) and vortex filament (F). Vortex filaments shedding from the tank walls due to vortex-solid interaction convect in the direction of the flow and wrap around the vortex column and ring. The immobility of the vortex column is reasonably explained by the steady boundary conditions in a confined domain. The vortex column could however not be recognized as a perfect axisymmetric cylinder but a semi-closed and skewed contour, which is due to the eccentric placement of inlet pipe, the discharge of inflow in diagonal direction and non-uniform evolution of secondary flows around the vortex core. Although the filaments seem to align in the direction of tangential velocity, their self-induced velocity attempts to sweep themselves towards the vortex column. In addition to selfinduced velocity, the local turbulence intensity plays a vital role in stretching the filaments and entrain them into the vortex column. The vortex ring, R, is another critical structure that plays an important role in stripping or slicing off the central vortex column. In the present case, it is evident that the vortex ring has sufficient strength to result in an exchange of fluid between the vortex column and its surroundings. It is therefore necessary to underline that there is an appreciable influence of turbulence field on the enstrophy structures in the tank and any change in the boundary conditions can directly affect the flow physics. Enstrophy is the integral of the vorticity and it is proportional to the rate of decrease of the energy of a fluid flow. Evolution and dynamics of coherent structures were found to be changing gradually from pure central drain case to pure wall drain case. Referring to pure central drain as depicted in Fig. 7(a) , the rotating flow exiting through the bottom outlet plays a dominant role in preserving the geometry of the vortex column. For the flow split ratio, s, from 1 to 0.7 i.e. Fig. 7(a-d) , the major observation was the gradual destruction of vortex column. With these dynamics continued, the vortex regime state underwent a sudden stretching mechanism for s = 0.6. With 60% flow through the central drain and the rest through the wall drain, approximately 10% increase in the size of the vortex ring, R, was observed (Fig. 7e) , and then remained fairly unchanged with further lower s values (Fig. 7f-k) . Interaction between the vortex ring and intense turbulence structures due to the inlet flow is responsible for the cascade process, whereby the large-scale features breakdown to smaller, and the small-scale structures become smaller with stronger enstrophy. On the other hand, the kinematic mechanism of vortex stretching was equally observed at the bottom of the vortex column, C, which increased by 9% in size, when s was reduced from 0.7 to 0.6 (Fig. 7e) . However, the imposed strain due to the wall drain flow on the vortex column caused it to collapse with s lower than 0.5 (Fig. 7g-k) , and continued until a vortex streak was left at s = 0 (Fig. 7 k) . Another major observation is about the strength of vorticity; more flow through wall drain, lesser intensified the vortex ring is. However, the concave shape of the ring around the column when viewed from the outside was undisturbed.
The design of rearing tanks usually focuses on creating a desirable flow pattern with sufficient water velocity to provide optimal swimming speeds for the fish, to rapidly flush settleable solids through the tank's bottom central drain, and to avoid the sedimentation of biosolids. In addition to the flow momentum, the gravitational force is a major contributor to the motion of the solids in the culture tanks. Settleable solids are kept moving above the floor of the tank by the strong primary rotating flow, V θ , while the much weaker radial flows, V r , keep the settleable solids moving towards the drain located at the bottom-center of the tank. Quiescent zones near the tank's floor are detrimental because the particles tend to settle faster as they descend from upper region. These settleable solids can collect on the tank floor if velocity is insufficient. Fig. 8(a) shows the normalized velocity magnitude along the tank's height for full range of wall-drain flows. Pure wall drain design displays the lowest velocity, particularly near the bottom-center of the tank, which gradually increases with the increase in the flow through central drain. This suggests that a quiescent zone that collects settleable solids could form about the bottom-center of the tank as the flow split to the tank wall drain approaches 100%. Pure central drain, which does not obstruct the rotation as the wall drain does, provides approximately 25% of higher velocity in the tank. Also, the velocitydrop near the floor is decreased by approximately 2% in case of pure central drain case, compared to the pure wall drain case. When looking at the effect of wall drain in controlling the flow velocity in the tank, 10% decrease in the average velocity across the Plane 3 for the base case (55% flow through wall drain) and 19% decrease for pure wall drain case is observed. However, the advantage of flow control using the wall drain penalizes the flow uniformity, which is one of the judging factors in the designing process of a culture tank. The quantification of flow uniformity was made using the index γ (Gopaliya et al., 2011; Nordin et al., 2017) , which is defined as
where n is the number of cells in the section of area A, V i is the velocity in the cell, whose area is A i and V is the area-weighted mean velocity across the surface. Fig. 8(b) shows the variation in flow uniformity across the water column height for different s values. The operation of wall drain deteriorates the flow uniformity by 5.5% on average, with a steeper decrease in γ for s beyond 0.3. This is possibly due to the fact that the operation wall drain creates a vertical flow motion in a dominantly rotating flow, which increases the non-uniform flow features. However, the flow is locally more uniform near the wall drain, which is evident from the peak of γ-surface at 0.7 h for pure wall drain configuration. The flow structure is relatively less uniform near the floor and water surface. To quantify the effect of flow-split ratio, s, on the dynamics of vortex house -an influencing phenomenon of the global flowfield, the variation of circulation Г (= ∫ ωdA A ) was computed, where ω is the angular velocity. The circulation, normalized by DV 0 , for different values of s is plotted in Fig. 9a . Here, D is the characteristic length, which is the tank's equivalent diameter, and V 0 is the nozzle flow velocity. The numerical dissipation was not assessed in this regard, assuming that the vortex dissipation was purely due to the viscous effects during transportation mechanism. The decreasing trend of vortex strength with the amount of outflow through wall drain indicates a possible increase in the characteristic length of effective planar vortex at a given water column height. In case of pure wall drain, the lowest ω near the tank's floor causes a lower circulation locally. Apart from a little increase near the tank's floor and a damp near the water surface, the vortex strength doesn't vary considerably along the height of water column. While the planar vorticity strength, being an integral value, appears to be changing linearly with s, the maximum value of absolute vorticity, ω max is purely dependent on the local vortex strength, which explicitly reveals the effect of flow through wall drain on the flowfield. Referring to Fig. 9(b) , the peak values of maximum vorticity were observed near the water surface, followed by those near the tank's floor. The lowest values were approximately at mid-height of the tank. With 50% or more flow through the wall drain, ω max at 0.7 h sharply increases and reaches the highest in the case of pure wall drain, which represents an additional production of vorticity due to the flow turning into the wall drain. This nonlinearity in the normalized ω max near the wall drain would result in the vortices of different sizes. Furthermore, a gradual decrease in ω max was noticed from the case of pure central drain to that of pure wall drain by 68% and 75% near the floor and water surface, respectively.
The combined tangential and axial motion of the fluid in the tank generates a swirling action. Although the tangential component is much larger than the axial and radial components, the spatial gradients of latter are greater than that of the circumferential velocity. An appropriate measure for the degree of swirling motion is the swirl number (S n ), which is defined as where R is the radial distance from the tank's center (Al-Zurfi and Turan, 2015) . The above definition shows that the swirl number is an integral quantity of the flowfield and it is important to note that different velocity distributions can have the same swirl number. Thus, the swirl number cannot provide the full characteristics of the swirling flow, but gives a global indication of swirl intensity in the tank. As shown in Fig. 10 , the swirl level is higher close to the tank's floor than at the water surface. This 3D surface shows the highest S n at approximately between 70 and 80% of the tank's height with pure central drain, which is possibly due to the maximum axial flux of angular momentum. The lower axial flux of axial momentum at approximately 60% of tank's height with pure wall drain due to the tendency of the flow to exit from here caused the second peak of S n at this location. Another observation is that the bottom half of the tank comprises more dynamic swirling motion than the upper half.
Conclusions
To the authors' knowledge, the ever first high-fidelity study on the effect of dual-drain on the culture tank hydrodynamics was conducted in this research. The Cornell-type dual-drain system in an octagonal culture tank of 100 m 3 at Nofima Centre for Recirculation in Aquaculture (NCRA) was investigated using the turbulence modelling technique. A good match between the computational and experimental results was achieved, which confirmed the validity of the CFD model. The effect of flow split between multiple outlets on the overall hydrodynamics is obvious. Tank with conventional central outlet on the floor essentially creates the vortex column, which is likely destructed by the operation of wall drain. In the limiting case of pure wall drain, the vortex column disappeared with a 25% reduction in the rotational flow Fig. 9 . Effect of wall drain flow on the vorticity strength (left) and maximum absolute vorticity (right) across the height of water column. Split-ratio, s, has a fairly linear relationship with vorticity strength, and a non-linear relationship with maximum vorticity. velocity. This resulted in a skewed flow patter in the tank, which has 5.5% lesser average uniformity. While the operation of wall drain has a fairly linear effect on the flow velocity, uniformity and vortex strength, it shows a non-linear influence on the maximum absolute vorticity and swirl number across the tank height. This study, to some extent, explored the modus operandi of elevated wall-drain in terms of the evolution of vortical structures and swirl flow parameters, but proximate causes of variations in the flow physics deserve a further qualitative research. Although commercial culture tanks are preferred to operate at a mean hydraulic retention time of 45-50 min, the possible HRT varies between 35 and 170 min (Summerfelt et al., 2016) . The Reynolds effect on the vorticity distribution, flow uniformity, the evolution of turbulence parameters and particle distribution are yet unknown, and need to be investigated. The purpose of vortex breaker on the central pipe is to control the local flow passively. This device was, however, ineffective in controlling the vortex column because the size of the vortex column exceeded the dimensions of vortex breaker. Consideration of Reynolds number, Weber number and Froude number in designing an appropriate vortex breaker will possibly change the effectiveness of wall drain in controlling the overall flow pattern in the tank.
